Dasgupta C, Sakurai R, Wang Y, Guo P, Ambalavanan N, Torday JS, Rehan VK. Hyperoxia-induced neonatal rat lung injury involves activation of TGF-␤ and Wnt signaling and is protected by rosiglitazone. Am J Physiol Lung Cell Mol Physiol 296: L1031-L1041, 2009. First published March 20, 2009 doi:10.1152/ajplung.90392.2008.-Despite tremendous technological and therapeutic advances, bronchopulmonary dysplasia (BPD) remains a leading cause of respiratory morbidity in very low birth weight infants, and there are no effective preventive and/or therapeutic options. We have previously reported that hyperoxia-induced neonatal rat lung injury might be prevented by rosiglitazone (RGZ). Here, we characterize 1) perturbations in wingless/Int (Wnt) and transforming growth factor (TGF)-␤ signaling, and 2) structural aberrations in lung morphology following 7-day continuous in vivo hyperoxia exposure to neonatal rats. We also tested whether treatment of neonatal pups with RGZ, concomitant to hyperoxia, could prevent such aberrations. Our study revealed that hyperoxia caused significant upregulation of Wnt signaling protein markers lymphoid enhancer factor 1 (Lef-1) and ␤-catenin and TGF-␤ pathway transducers phosphorylated Smad3 and Smad7 proteins in whole rat lung extracts. These changes were also accompanied by upregulation of myogenic marker proteins ␣-smooth muscle actin (␣-SMA) and calponin but significant downregulation of the lipogenic marker peroxisome proliferator-activated receptor-␥ (PPAR␥) expression. These molecular perturbations were associated with reduction in alveolar septal thickness, radial alveolar count, and larger alveoli in the hyperoxiaexposed lung. These hyperoxia-induced molecular and morphological changes were prevented by systemic administration of RGZ, with lung sections appearing near normal. This is the first evidence that in vivo hyperoxia induces activation of both Wnt and TGF-␤ signal transduction pathways in lung and of its near complete prevention by RGZ. Hyperoxia-induced arrest in alveolar development, a hallmark of BPD, along with these molecular changes strongly implicates these proteins in hyperoxia-induced lung injury. Administration of PPAR␥ agonists may thus be a potential strategy to attenuate hyperoxiainduced lung injury and subsequent BPD. bronchopulmonary dysplasia; peroxisome proliferator-activated receptor-␥; lung development; lung fibroblast DESPITE SEVERAL TECHNOLOGICAL and therapeutic advances over the past several years, bronchopulmonary dysplasia (BPD) remains a leading cause of respiratory morbidity in very low birth weight infants. The affected infants have a complicated initial neonatal intensive care course, poor growth, neurodevelopmental delays, and repeated hospitalizations during the first few years of life (8, 39). The "new" BPD, a chronic lung disorder of extremely premature infants, is characterized by lung injury that results in abnormal lung architecture hallmarked by failed alveolarization with minimal large and small airway disease and relatively mild inflammation and fibrosis. Although multiple pathophysiological mechanisms contribute to lung injury in the extremely preterm infant, the new BPD is primarily an aberration of lung development. This is in contrast to the "old" BPD, which occurred primarily in larger preterm infants as a consequence of severe lung injury resulting from mechanical ventilation and oxygen exposure and was characterized by inflammation, fibrosis, and smooth muscle hypertrophy in the airways. Although the most important predisposing conditions for BPD include exposure of the premature lung to hyperoxia, volutrauma, inflammation, and/or atelectrauma, the underlying molecular mechanisms involved in its pathogenesis remain incompletely understood.
DESPITE SEVERAL TECHNOLOGICAL and therapeutic advances over the past several years, bronchopulmonary dysplasia (BPD) remains a leading cause of respiratory morbidity in very low birth weight infants. The affected infants have a complicated initial neonatal intensive care course, poor growth, neurodevelopmental delays, and repeated hospitalizations during the first few years of life (8, 39) . The "new" BPD, a chronic lung disorder of extremely premature infants, is characterized by lung injury that results in abnormal lung architecture hallmarked by failed alveolarization with minimal large and small airway disease and relatively mild inflammation and fibrosis. Although multiple pathophysiological mechanisms contribute to lung injury in the extremely preterm infant, the new BPD is primarily an aberration of lung development. This is in contrast to the "old" BPD, which occurred primarily in larger preterm infants as a consequence of severe lung injury resulting from mechanical ventilation and oxygen exposure and was characterized by inflammation, fibrosis, and smooth muscle hypertrophy in the airways. Although the most important predisposing conditions for BPD include exposure of the premature lung to hyperoxia, volutrauma, inflammation, and/or atelectrauma, the underlying molecular mechanisms involved in its pathogenesis remain incompletely understood.
Lung alveolar interstitial fibroblasts, namely lipofibroblasts, and their communications with adjacent epithelial cells play an important role in lung development and injury/ repair (1, 10, 29, 38) . We have previously shown that exposure to 24 h of hyperoxia (95% O 2 ) in a neonatal rat model disrupts the critical alveolar epithelial-mesenchymal paracrine homeostatic signaling pathway, leading to downregulation of the lipofibroblastic phenotype of the mesenchyme (34) . This was accompanied by upregulation of the myogenic phenotype along with pulmonary morphological changes that are consistent with BPD. Furthermore, we have demonstrated that concomitant treatment with a peroxisome proliferator-activated receptor-␥ (PPAR␥) agonist markedly attenuates the molecular and morphological changes secondary to 24-h exposure of neonatal pups to hyperoxia (95% O 2 ), highlighting the critical significance of the pulmonary lipogenic phenotype in protecting against hyperoxia-induced neonatal lung injury (34) . However, whether this approach would be effective against prolonged exposure to hyperoxia is not known. Furthermore, the effect of hyperoxia on the transforming growth factor (TGF)-␤ and wingless/Int (Wnt) signaling pathways, the pathways known to be involved in lung perinatal lung development, is not known. To address these questions, we hypothesized that exposure to prolonged hyperoxia would activate the TGF-␤ and Wnt signaling pathways and that this effect would be blocked by PPAR␥ agonists. The involvement of the Wnt and TGF-␤ signaling pathways in various chronic lung diseases has been described by others either in experimental models or in clinical conditions (2, 7, 16, 27, 45).
MATERIALS AND METHODS
Hyperoxia exposure system and animal protocol. Adult and neonatal Sprague-Dawley rats were housed in humidity-and temperaturecontrolled rooms on a 12:12-h light-dark cycle and were allowed food and water ad libitum. On day 22 of pregnancy, dams were allowed to deliver naturally. Next, pups were pooled, randomized, and delivered back to nursing dams. One set of pups was maintained in 95% (vol/vol) O 2 while the other set was maintained in room air, 21% (vol/vol) O2. Nursing dams were rotated between hyperoxia and room air-exposed litters every 24 h to prevent oxygen toxicity in the dams. Continuous 95% O 2 exposure was achieved in the Plexiglas chamber (77 ϫ 64 ϫ 37 cm) by a flow-through system. The oxygen level inside the Plexiglas chamber was monitored continuously with a Ceramatec (MAXO 2) oxygen analyzer. Experimental pups were grouped into control (room air for 7 days ϩ placebo intraperitoneal saline administration), hyperoxia only (95% O 2 for 7 days ϩ placebo), and hyperoxia with rosiglitazone (RGZ; Cayman) (95% O2 for 7 days ϩ RGZ: 1 or 3 mg/kg). A 100-l RGZ solution was administered to each animal intraperitoneally with a microsyringe once a day. After the 7-day experimental period, pups were killed using 0.1 ml Euthasol (sodium pentobarbital 390 ϩ 50 mg/ml phenytoin; Virbac Animal Health) per pup. For some experiments, TOPGAL mice, kindly provided by Saverio Bellusci, PhD (University of Southern California), were subjected to normoxia or hyperoxia following the abovedescribed protocol. All animal procedures were performed following National Institutes of Health (NIH) guidelines for the care and use of laboratory animals and approved by the Los Angeles Biomedical Research Institute Animal Care and Use Committee.
Preparation of lung tissue for histological analysis. Following euthanasia, pup lungs were fixed in situ by perfusing 4% (wt/vol) paraformaldehyde (PFA) in PBS solution (Boston Bioproducts). During perfusion, a constant inflation pressure of 5 cmH 2O was maintained via a tracheal catheter. On completion of perfusion, trachea was ligated with Ethicon surgical suture, and the lungs were incubated in fresh 4% PFA-PBS solution on ice for 4 -5 h. Following this incubation, PFA-PBS solution was replaced with two quick changes of cold PBS to remove exterior debris. Finally, the lungs were transferred to a filtered sterile PBS/30% sucrose solution (wt/vol) and stored at 4°C until fully equilibrated. The lungs were paraffin-embedded, and 5-m transverse sections from a single lung of the pup studied were cut, laid on Superfrost microscope glass slides (Fisher Scientific), and processed according to standard procedures. Processed paraffin sections were stained 1) with hematoxylin-eosin to examine tissue morphology and measure morphometric parameters, or 2) with antibody for in situ immunohistochemistry (IHC).
Lung morphometry. An investigator unaware of the treatment group for each animal sample performed lung morphometry. Fifty randomly selected, nonoverlapping fields from sections obtained from 12 blocks from each treatment group were included for measurement. Each field was viewed at 100-fold magnification, and the image was digitized and projected on a video monitor. For each field, the number of alveoli was counted visually. The objective assessment of the extent of alveolarization was determined by the radial alveolar count (RAC) and mean linear intercept (MLI) methods. Briefly, RAC were performed by identifying respiratory bronchioles, as described by Randell et al. (33) . The number of distal air sacs that were transected by a line drawn from a terminal respiratory bronchiole to the nearest pleural surface was counted. No counts were made if the respiratory bronchiole was nearer to the edge of the slide than to the nearest connective tissue septum. All terminal bronchioles for each of the two sections from each pup were used for radial alveolar counts. MLI, which represents the average alveolar diameter, alveolar septal thickness (AST), and tissue density, which is the proportion of the field occupied by tissue (area occupied by tissue/area occupied by lung tissue ϩ alveoli), were analyzed with Image-Pro Plus image analysis software (Zeiss). Slides were examined at 100-fold magnification, and the septal thickness and tissue density of Ն50 alveoli for each section were measured. At least two sections from each pup were used, and the average septal thickness and tissue density were then calculated for each treatment group.
Immunohistochemical staining of lung sections. In situ protein expression was assessed by IHC performed with UniTect ABC Kit (Calbiochem-EMD Biosciences). Five-micrometer paraffin sections were deparaffinized in xylene and rehydrated by a sequential ethanol wash. Endogenous avidin and biotin activities and nonspecific antibody binding to tissue were inhibited as per manufacturer's instructions. Tissue was incubated with primary antibody overnight at 4°C in a humidified chamber. For lymphoid enhancer factor 1 (Lef-1) and lipoprotein receptor-related protein 6 (LRP6) IHC, rabbit anti-Lef-1 antibody and mouse monoclonal anti-LRP6 (Santa Cruz Biotechnology), respectively, were used as primary antibodies at 1:400 dilutions. For myeloperoxidase (MPO) immunostaining, polyclonal rabbit anti-MPO (DAKO) was used as primary antibody at 1:600 dilution. On the next day, following PBS washes at room temperature, the tissues were incubated sequentially with appropriate biotinylated secondary antibody, ABC reagent, diaminobenzidine substrate (DAB; SigmaAldrich, St. Louis, MO), in the dark. Sections were rinsed with water and counterstained with hematoxylin. Finally, tissue slices were dehydrated in xylene and permanently mounted with VectaMount (Vector Laboratories). Immunostained sections were examined under a microscope (Axioskop 40; Zeiss) at ϫ400, ϫ600, or ϫ1,000 magnifications.
Fibroblast culture. Neonatal lung fibroblasts were isolated and cultured following the previously described method (34) .
Protein extraction and Western blotting. Liquid nitrogen flashfrozen lung tissue was homogenized with a tissue grinder in lysis buffer (RIPA buffer) containing 1 mM EDTA and EGTA each (Boston Bioproducts), supplemented with 1 mM PMSF, phosphatase inhibitor (Sigma-Aldrich), and complete proteinase inhibitor cocktail (Roche Diagnostics). Fifty micrograms of total protein for each sample was denatured by SDS-PAGE sample buffer and electrophoresed in a 10% SDS polyacrylamide gel. Resolved samples were then transferred onto 0.45-m nitrocellulose or a PVDF membrane, which, after blocking with TBS-Tween (TBST) ϩ 5% milk, were probed with primary antibodies [PPAR␥, 1:500; Lef-1, 1:400; activin receptor-like kinase 5 (ALK-5) or TGF-␤ receptor I (TGF-␤-RI), 1:400; and ␤-tubulin, 1:1,000, all from Santa Cruz Biotechnology; ␤-catenin, 1:500, and Smad3 and phosphorylated Smad3 (pSmad3), 1:200, from Cell Signaling Technology; and Smad7, 1:500, from Zymed-Invitrogen]; ␣-smooth muscle actin (␣-SMA), 1:100,000; calponin, 1:5,000, Fig. 1 . A: rosiglitazone (RGZ) prevented hyperoxia-induced aberrations in lung architecture. Seven-day continuous hyperoxia (95% O2) exposure alone caused failure of secondary septation of distal lung air sacs resulting in larger than normal alveoli denoted by asterisks, with marked decrease in interstitial thickness (arrows). These changes were prevented by administration of RGZ (1 and 3 mg/kg ip) concomitant to hyperoxia exposure. Representative hematoxylin-eosinstained lung sections are shown (magnification, ϫ40; bar, 20 m; n ϭ 6). B: morphometric changes of lungs in hyperoxia without and with RGZ treatment. RGZ prevented 7-day hyperoxia (95% O2)-induced decrease in lung alveolar septal thickness, radial alveolar count, alveolar tissue density, and the accompanying increase in mean linear intercept. Significant changes in all of these parameters were observed on exposure to 95% hyperoxia alone, which were prevented by RGZ treatment (*P Ͻ 0.05, 95 vs. 21% O2 and **P Ͻ 0.05, 95% O2 ϩ RGZ vs. 95% O2 only; n ϭ 6). C: visualization of neutrophils influx in lung of rat pups exposed to 95% O2. Representative myeloperoxidase antibody-stained lung sections (5 m) are presented. Myeloperoxidase-reactive neutrophils (with characteristic polylobulated nucleus) are seen in hyperoxic alveoli, which are absent in normoxic and RGZ treated lungs. Magnification, ϫ1,000; arrows point to the myeloperoxidase reactive neutrophils; calibration bar ϭ 20 m; n ϭ 4.
from Sigma-Aldrich; and GAPDH, 1:10,000, from Millipore, overnight at 4°C, followed by appropriate secondary antibody and SuperSignal Chemiluminescent substrate (Pierce). Photographic film (Denville Scientific, Metuchen, NJ) was used to capture protein bands, which were quantified by densitometry. Protein band intensities were normalized for loading using the corresponding GAPDH signals and expressed as arbitrary units (AU). Since GAPDH expression has been described to change altered redox stress (14), we checked whether GAPDH changed in hyperoxia in our experimental setup by using a second control ␤-tubulin. In our experimental model, neither GAPDH nor ␤-tubulin change in hyperoxia (P Ͼ 0.05; n ϭ 6; data not shown). These data are in accordance with other recent publications (4) .
Immunoprecipitation. Cell extracts were prepared in lysis buffer (20 mM HEPES, 2 mM EGTA, 50 mM ␤-glycerophosphate, 10% glycerol, 1% Triton X-100, 1 mM dithiothreitol, 1 mM vanadate, and 0.04 mM PMSF) containing a cocktail of protease inhibitors (SigmaAldrich). Immunoprecipitation was performed on equal amounts of cell extracts (400 g of protein) from different treatment conditions using anti-␤-catenin antibody (Santa Cruz Biotechnology) preabsorbed on protein G-Sepharose beads for 1 h at 4°C followed by overnight incubation at 4°C and purification of the antibody-protein complex beads by centrifugation. The samples were then resolved by SDS-PAGE followed by Western blotting. The signal was detected using SuperSignal Chemiluminescent substrate (Pierce) in accordance with the manufacturer's protocol.
Statistical analysis. Experiments were done at least 3 independent times. Differences between the groups were evaluated by one-way ANOVA followed by Newman-Keuls post hoc test and unpaired Student's t-test as needed. A P value of Ͻ0.05 was considered to be statistically significant. Data are expressed as means Ϯ SE.
RESULTS
Morphometric analysis of hyperoxia-exposed lungs. Exposure of neonatal rats to 95% O 2 continuously for 7 days resulted in significant arrest in their postnatal lung development. This was reflected by their lung morphology (Fig. 1A) . Lungs from the animals exposed to hyperoxia caused failure of secondary septation of distal lung air sacs that resulted in larger than normal alveoli (indicated by asterisks) and marked decrease in the interstitial thickness (indicated by arrows) compared with their normoxic counterparts. On average, compared with the normoxic animals, in the hyperoxic lungs, AST of lungs was reduced by ϳ40% (P Ͻ 0.05; 95 vs. 21% O 2 group), and the RAC was reduced by ϳ70% (P Ͻ 0.05; 95 vs. 21% O 2 group) (Fig. 1B) . In accordance with these data, with hyperoxia exposure, tissue density decreased by 35%, and MLI increased by 30% (P Ͻ 0.05; 95 vs. 21% O 2 group; Fig. 1B) . Therefore, hyperoxia of rat lungs caused 1) significant decrease in the thickness of interstitium, and 2) arrested alveolarization compared with the normoxic counterparts. Intraperitoneal administration of RGZ at 1 and 3 mg/kg body wt daily during the course of the hyperoxic exposure significantly reduced these lung aberrations. Thus coadministration of RGZ during hyperoxia significantly prevented the aberrations in principal morphological parameters of the lung cytoarchitecture. Hence, RGZ can mediate protection against oxygen-induced lung injury.
RGZ inhibits neutrophil influx caused by hyperoxia. Hyperoxia-induced lung injury is characterized by neutrophil influx as well as by arrested alveolarization. Hence, by MPO immunostaining, we determined neutrophil influx in neonatal lungs exposed to hyperoxia and whether RGZ administration affected this process. MPO immunostaining identified neutrophils in the lungs of hyperoxia-exposed animals. Figure 1C , top, shows neutrophil infiltration in the lung air spaces of hyperoxia-exposed animal, whereas Fig. 1C , bottom, shows influx of neutrophil and other blood cells in the interstitium. This was blocked by RGZ treatment during hyperoxia exposure.
RGZ inhibits the modulation of ␣-SMA, calponin, PPAR␥, Lef-1, and ␤-catenin by hyperoxia. We next examined the protein expression of key markers of lung myogenic and adipogenic differentiation. Two prominent myogenic protein markers, ␣-SMA and calponin, were upregulated in hyperoxia (P Ͻ 0.05 vs. control; Fig. 2A) , and RGZ administration significantly inhibited the hyperoxia-induced upregulation of these proteins (P Ͻ 0.05 vs. 95% O 2 group). Figure 2B shows that, compared with 21% O 2 group, 7-day hyperoxia (95% O 2 ) caused a significant decrease in PPAR␥ expression in whole lung (ϳ80%; P Ͻ 0.05; 95 vs. 21% O 2 group). As expected, intraperitoneal injection of RGZ during hyperoxia significantly bolstered PPAR␥ expression (P Ͻ 0.05 vs. 95% O 2 group). The downregulation of PPAR␥ expression was accompanied by a significant increase (P Ͻ 0.05 vs. control) in the expression of the canonical Wnt pathway proteins Lef-1 (Ͼ10-fold) and ␤-catenin (ϳ2.5-fold). These changes were prevented by concomitant administration of RGZ. With RGZ treatment, hyperoxia-induced upregulation of both Lef-1 and ␤-catenin expression were significantly attenuated (P Ͻ 0.05 vs. 95% O 2 group). The hyperoxia-induced upregulation of Wnt signaling was further supported by IHC as evidenced by the upregulation of Lef-1 and LRP6 expression in the lung parenchyma (Fig. 3,  A and B) . The increased expression of these proteins was blocked by intraperitoneal injection of 3 mg/kg RGZ.
Activation of TGF-␤ signaling in hyperoxia and inhibition by RGZ. Western blot analysis indicated activation of the TGF-␤ pathway in hyperoxia as indicated by the significant upregulation of pSmad3 and Smad7 protein levels in hyperoxia (Fig. 4, A and B) . Although we did not see any significant perturbation in the total Smad3 level by hyperoxia (95 vs. 21% O 2 ; P Ͼ 0.05) or by RGZ (RGZ ϩ 95% O 2 group vs. 95% O 2 group; P Ͼ 0.05), hyperoxia elicited a trend toward downregulation of total Smad3 expression at day 7. In contrast, phosphorylation of Smad3 increased above baseline by ϳ2-fold at day 7 in hyperoxia (95 vs. 21% O 2 ; P Ͻ 0.05). This change was completely blocked with RGZ administration (RGZ ϩ 95 vs. 95% O 2 ; P Ͻ 0.05) as shown by the densitometric analysis of pSmad3 without and with RGZ with respect to total Smad3 (Fig. 4A) . The Smad7 expression level in hyperoxia, with or without RGZ, followed the same trend as that of the pSmad3. The Smad7 level also increased significantly following 7-day hyperoxia exposure (95 vs. 21% O 2 , ϳ4-fold; P Ͻ 0.05) and was reduced to about one-third by RGZ treatment (95% ϩ RGZ vs. 95% O 2 ; P Ͻ 0.05) (Fig. 4B) . We then examined the expression of TGF-␤-RI (ALK-5), which is upstream in the signal transduction cascade of the TGF-␤ pathway (24) . We noticed robust upregulation (Ͼ10-fold, 95 vs. 21% O 2 ; P Ͻ 0.05) of ALK-5 expression in hyperoxia (Fig. 4B) . However, RGZ did not block the hyperoxia-induced increase in ALK-5 expression (95% O 2 ϩ RGZ vs. 95% O 2 ; P Ͼ 0.05), indicating that the RGZ-mediated protection against hyperoxia may operate by a mechanism(s) that is downstream from ALK-5.
Confirmation of hyperoxia-induced activation of pulmonary TGF-␤ and Wnt signaling using a genetic model. For this, we
have utilized TOPGAL mice, in which the LacZ-reporter gene is under the control of Wnt signaling-responsive T cell factor (TCF)/ Lef binding sites, providing an excellent in vivo model to study Wnt signaling. Exposure of 1-day-old TOPGAL neonatal pups to either 21 or 95% O 2 for 7 days resulted in clear activation of Wnt and TGF-␤ signaling. Hyperoxia-exposed lungs were bluish stained (LacZ positivity) both at the macroscopic and microscopic levels (Fig. 5A) . The expression of markers of TGF-␤ (ALK-5 and pSmad3) and Wnt signaling (Lef-1) and their targets (␣-SMA and fibronectin) (Fig. 5B) were significantly increased on hyperoxic exposure compared with controls (P Ͻ 0.05 vs. 21% O 2 ).
Evidence for hyperoxia-induced activation of TGF-␤ and Wnt signaling in alveolar interstitial fibroblasts. Having proven the activation of the TGF-␤ and Wnt signaling pathways in whole lung following exposure to hyperoxia and its attenuation by a potent PPAR agonist, RGZ, we next confirmed these findings in cultured alveolar interstitial fibroblasts. Cultured fibroblasts at 80 -90% confluence were exposed to 24 h of hyperoxia (95% O 2 ) with or without RGZ pretreatment (10 M) for 1 h. Furthermore, since lung fibroblasts are a known source of TGF-␤, which has been previously suggested to play a prominent role in lung injury/repair (49) , in this series of experiments we also examined whether pretreatment with an anti-TGF-␤ antibody (10 g/ml; cat. no. 1835; R&D Systems) would block hyperoxia-induced activation of the TGF-␤ and Wnt signaling pathways. Twenty-four-hour exposure of cultured alveolar interstitial fibroblasts to hyperoxia resulted in significant increases in pSmad3 and Lef-1 accompanied by a significant decrease in phosphorylated ␤-catenin (p-␤-catenin) (P Ͻ 0.05 vs. 21% O 2 ), indicating hyperoxia-induced activation of the TGF-␤ and Wnt signaling pathways (Fig. 6) . Interestingly, pretreatment with either anti-TGF-␤ antibody or RGZ blocked hyperoxia-induced increases in pSmad3 and Lef-1 and a decrease in p-␤-catenin (P Ͻ 0.05 vs. 95% O 2 ), although this protective effect appeared to be more robust with RGZ (Fig. 6) .
Evidence for interactions between the TGF-␤, Wnt, and PPAR␥ signaling pathways in alveolar interstitial fibroblasts in response to hyperoxia. To obtain insights to the mechanism of protection again hyperoxia by PPAR␥ agonist RGZ, whole cell lysates of cultured alveolar interstitial fibroblasts following 24-h exposure to either normoxia, hyperoxia, or hyperoxia ϩ RGZ (10 M) were immunoprecipitated with anti-␤-catenin antibody. Subjecting these complexes to Western blot analysis using anti-Smad3, anti-Lef-1, and anti-PPAR␥ antibodies showed that 24-h exposure to hyperoxia resulted in significant decreases in ␤-catenin-bound Smad3 and Lef-1, whereas levels of ␤-catenin-bound PPAR␥ increased (Fig. 7) . Furthermore, treatment with RGZ both before and during hyperoxia exposure resulted in attenuation against hyperoxia-induced decreases in Smad3 and Lef-1 bound to ␤-catenin, whereas the level of ␤-catenin-bound PPAR␥ increased further (Fig. 7) , providing potential key insights to the mechanism of PPAR␥ agonist-mediated protection against hyperoxia-induced activations of TGF-␤ and Wnt signaling pathways.
DISCUSSION
Recently, hyperoxia-induced pulmonary molecular changes in neonatal mouse BPD model have been described (2, 31) . In both of these studies, exposure to 85% O 2 caused modulation of TGF-␤ pathway and decreased maturation of the neonatal lung. In our hyperoxia-induced model of neonatal rat lung Fig. 2 . A: concomitant administration of 3 mg/kg RGZ inhibited hyperoxia (95% O2 for 7 days)-induced changes in ␣-smooth muscle actin (␣-SMA) and calponin expression. ␣-SMA and calponin were upregulated in hyperoxia, and RGZ administration inhibited the hyperoxia-induced upregulation of these proteins. Representative protein bands in duplicate and densitometric histogram of each group are shown (*P Ͻ 0.05, 95 vs. 21% O2, and **P Ͻ 0.05, 95% O2 ϩ 3 mg/kg RGZ vs. 95% O2 only; n ϭ 8). B: concomitant administration of 3 mg/kg RGZ inhibited hyperoxia (95% O2 for 7 days)-induced changes in peroxisome proliferator-activated receptor-␥ (PPAR␥), lymphoid enhancer factor 1 (Lef-1), and ␤-catenin in whole lung protein extract of 7-day-old rat pups. Seven-day hyperoxia exposure resulted in a significant decrease in PPAR␥ and a significant increase in Lef-1 and ␤-catenin protein expression, and concomitant RGZ administration prevented all of these changes. Representative protein bands in duplicate and densitometric histogram of each group are shown (*P Ͻ 0.05, 95 vs. 21% O2, and **P Ͻ 0.05, 95% O2 ϩ 3 mg/kg RGZ vs. 95% O2 only; n ϭ 8). AU, arbitrary units. injury, we found that a 7-day exposure to 95% O 2 resulted in significant aberrations in postnatal lung development, characterized by significant arrest of alveolarization, i.e., reduced alveolar count, larger alveolar size, and decreased AST, the structural hallmarks of the new BPD (9, 10, 15, 44a) . These structural changes were accompanied by the upregulated expression of TGF-␤ pathway transducers ALK-5, pSmad3 and Smad7, and two major canonical Wnt signal transducers, namely ␤-catenin and Lef-1, along with concomitant upregulation of ␣-SMA and calponin. On the other hand, these changes were accompanied by the downregulation of PPAR␥, a key nuclear transcription factor in the lung parenchyma. Fig. 3 . A and B: immunostaining for lung Lef-1 and lipoprotein receptor-related protein 6 (LRP6) in neonatal rat pups exposed to 21% O2, 95% O2, or 95% O2 ϩ 3 mg/kg RGZ for 7 days. Representative Lef-1 and LRP6 antibody-stained lung sections (5 m) are shown. Top: magnification, ϫ400, with insets. Bottom pictures are inset regions of top; magnification, ϫ1,000 for Lef-1 and ϫ600 for LRP6. Arrows point to the lung regions showing Lef-1 and LRP6 staining. At 21% O2 exposure, lung sections have weak base line Lef-1 and LRP6 expression, which is robustly upregulated with 95% O2 exposure. RGZ (3 mg/kg) administration during 95% O2 exposure prevented this upregulation for both Lef-1 and LRP6 (n ϭ 4).
Hyperoxia also resulted in marked neutrophil influx in both alveolar lumen and interstitium. These hyperoxia-induced morphological and molecular changes were prevented by the concomitant administration of a PPAR␥ agonist, RGZ. Hyperoxiainduced activation of the TGF-␤ and Wnt signaling pathways was also confirmed using TOPGAL mice. Mechanistic studies clearly point to physical interactions between key intermediates of the TGF-␤, Wnt, and PPAR␥ signaling pathways, providing a possible mechanism for RGZ-mediated protection against hyperoxia-induced activation of the TGF-␤ and Wnt signaling pathways. To our knowledge, these data provide the first evidence for the concomitant activation of both TGF-␤ and Wnt signaling in a neonatal lung injury model and its near complete prevention by PPAR␥ agonist administration, suggesting a potential role for PPAR␥ agonists in preventing BPD.
The TGF-␤ pathway involves binding of the ligand to TGF-␤-RII, which, in turn, phosphorylates TGF-␤-RI (ALK-5) after forming a heteromeric complex with it. Once phosphorylated, ALK-5 is activated to signal downstream targets, the members of the Smad family of signal transducers, which are critical for transmitting the TGF-␤ signal to the nucleus. Of these, the receptor-linked, i.e., (R-) Smad3 is particularly notable. Another Smad, the common Smad mediator Smad4, heteromerizes with activated R-Smad, e.g., Smad3, and this Smad3-Smad4 complex translocates to the nucleus to activate TGF-␤ pathway genes. In addition to these positively activated Smads, the inhibitory, i.e., (I-) Smads, e.g., Smad7, block TGF-␤ signals. Once activated, the TGF-␤ pathway may or may not interact with the Wnt pathway. Normally, in the absence of Wnt activation, GSK-3 phosphorylates ␤-catenin, inducing its degradation by the ubiquitin-proteasome pathway. On activation of Wnt signaling, GSK-3 activity is inhibited, preventing ␤-catenin degradation, which, in turn, accumulates and translocates to the nucleus, where it binds with Lef-1/TCF, thereby activating the Wnt target genes. Cooperation between TGF-␤ and Wnt signaling is well-documented since physical interaction between Smad3 and Lef-1 has been shown in a number of studies (13, 20, 22) . Furthermore, TGF-␤-dependent activation of the target promoter has been shown to requireexposed-1 expression (20, 22) . Therefore, it is not surprising that, in response to hyperoxia, we observed activation of both the TGF-␤ and Wnt pathways. However, in this study, we have not determined whether activation of both pathways was dependent or independent of the activation of each other.
In fact, complex interactions between the Wnt and TGF-␤ signaling pathways maintain homeostasis and are critical during the early phases of lung development (3, 6, 15, 19, 32) . Therefore, it is not unexpected that we observed recapitulation of these pathways during exposure to hyperoxia postnatally, probably in an attempt to limit lung damage and/or to regenerate lung cytoarchitecture following the hyperoxic lung injury (2, 43, 44) . This is consistent with the findings of 1) Chilosi et al. (7), who have reported elevated Lef-1 and ␤-catenin expression in the lungs of patients with idiopathic pulmonary fibrosis, and 2) Nakanishi et al. (28) , who have demonstrated increased phosphorylation of Smad2 on chronic 85% O 2 inhalation. In addition to the evidence for the activations of both the Wnt and TGF-␤ signaling pathways in whole lung, on exposure to hyperoxia, our data also specifically demonstrate activation and interactions between these pathways in alveolar interstitial fibroblasts. Taken together, our data indicate an important role of the Wnt and TGF-␤ pathways in modulating the lung injury response. Furthermore, besides the lung, activation of Wnt and TGF-␤ signaling has also been implicated in fibrotic diseases of other organs as well such as the kidney (40) and liver (37, 41) .
Although there were no significant differences in the levels of total Smad3 between the experimental groups, the pSmad3 level significantly increased in the hyperoxia-exposed group, and this hyperoxia-induced increase was completely blocked in the hyperoxia ϩ RGZ group. The total Smad7 level also increased significantly with hyperoxia, with almost complete Fig. 4 . A and B: administration of RGZ inhibited hyperoxia-induced changes in phosphorylated Smad3 (pSmad3) and Smad7 protein levels in whole lung protein extract of 7-day-old rat pups. Although there were no significant perturbations in the total Smad3 levels on exposure to hyperoxia, pSmad3 and Smad7 levels increased significantly. Activin receptor-like kinase 5 (ALK-5) protein level also increased significantly on with hyperoxia (B). Concomitant RGZ treatment prevented hyperoxia-induced increases in pSmad3 and Smad7 protein levels but not that of ALK-5. Representative protein bands in duplicate and densitometric histogram of each group are shown (*P Ͻ 0.05, 95 vs. 21% O2, and **P Ͻ 0.05, 95% O2 ϩ 3 mg/kg RGZ vs. 95% O2 only; n ϭ 8). abrogation of this increase in the hyperoxia ϩ RGZ group. We view the increase in pSmad3 as a profibrotic response to hyperoxia-mediated activation of TGF-␤ signaling and the Smad7 increase as an autoinhibitory response to TGF-␤ activation. The TGF-␤-Smad signaling pathway contains an autoinhibitory feedback control, central to which is Smad7, which interacts with ligand-activated ALK-5, interfering with receptor binding and subsequent phosphorylation of receptor-linked Smad3 (15, 24) . Smad7 activation is highly regulated. It is induced by TGF-␤ stimulation and has been shown to completely abrogate the transdifferentiation of hepatic stellate cells to myofibroblasts in a well-established bile duct ligation model of liver fibrosis in rats (11, 30) . Tissue repair involving coordinated regulation of cellular proliferation, differentiation, extracellular matrix deposition, and, where appropriate, epithelialization has been shown to be regulated by balanced expression of Smad3 and Smad7 (5, 6, 26) .
We attempted to block hyperoxia-induced lung injury by augmenting PPAR␥ expression in vivo. PPAR␥, a member of the steroid hormone receptor superfamily of ligand-activated transcription factors (18) , in addition to being the key regulator of adipocyte differentiation, has a myriad of other effects, demonstrated both in vitro and in animal models (21, 36) . We (34) have shown that it is a critical modulator of the lung alveolar interstitial fibroblast phenotype. The thiazolidinedione group of drugs, such as RGZ, are high-affinity synthetic ligands that activate PPAR␥ (47) . Following ligand binding to its receptor, PPAR␥ heterodimerizes with the retinoic X receptor, activating the PPAR␥-response elements in the promoters for PPAR␥ target genes, e.g., the adipogenic differentiationrelated genes in lung alveolar interstitial lipofibroblasts. Furthermore, since reciprocating interactions between the Wnt and adipogenesis signaling pathways have previously been reported (35), we hypothesized that upregulation of PPAR␥ by the exogenous administration of the PPAR␥ agonist RGZ would mitigate hyperoxia-mediated upregulation of Wnt signaling. As expected, concomitant administration of RGZ blocked the hyperoxia-induced upregulation of ␤-catenin, Lef-1, and ␣-SMA, all of which are Wnt pathway-related intermediates. Although the exact mechanism of how RGZ might have prevented the hyperoxia-induced upregulation of the Wnt signaling pathway is not clear, both functional and physical interactions between ␤-catenin and PPAR␥ involving the Lef-1 binding domain of ␤-catenin and the ␤-catenin binding domain within PPAR␥ have been reported (23) . The immunoprecipitation data obtained from cultured fibroblasts . Evidence for hyperoxia-induced activation of TGF-␤ and Wnt signaling in alveolar interstitial fibroblasts. Exposure of cultured rat lung alveolar interstitial fibroblasts to 24-h hyperoxia (95% O2) with or without RGZ (10 M) or anti-TGF-␤ (10 g/ml medium) pretreatment resulted in significant increases in pSmad3 (30 min) and Lef-1 (24 h) protein levels, accompanied by a significant decrease in phosphorylated (p-) ␤-catenin (30 min) protein level. Pretreatment with either anti-TGF-␤ antibody or RGZ blocked hyperoxia-induced increases in pSmad3 and Lef-1 and a decrease in p-␤-catenin (*P Ͻ 0.05, 95 vs. 21% O2, and **P Ͻ 0.05, 95% O2 ϩ RGZ or 95% O2 ϩ anti-TGF-␤ vs. 95% O2 only; n ϭ 4). For pSmad3 and p-␤-catenin analysis, cells were concomitantly also treated with calyculin A (50 nM). Fig. 7 . Evidence for interactions between the TGF-␤, Wnt, and PPAR␥ signaling pathways in alveolar interstitial fibroblasts in response to hyperoxia. Immunoprecipitation of whole cell lysates of alveolar interstitial fibroblasts following 24-h exposure to either normoxia or hyperoxia (95% O2), with or without RGZ (10 M) with anti-␤-catenin antibody, and subjecting these complexes to Western blot analysis using anti-Smad3, anti-Lef-1, and anti-PPAR␥ antibodies showed that hyperoxia resulted in significant decreases in ␤-catenin-bound Smad3 and Lef-1, whereas levels of ␤-catenin-bound PPAR␥ increased. Treatment with RGZ both before and during hyperoxia exposure resulted in attenuation against hyperoxia-induced decreases in Smad3 and Lef-1 bound to ␤-catenin, whereas the level of ␤-catenin-bound PPAR␥ increased further (*P Ͻ 0.05, 95 vs. 21% O2, and **P Ͻ 0.05, 95% O2 ϩ RGZ vs. 95% O2 only; n ϭ 4). exposed to various experimental conditions provide further key insights to the mechanism of hyperoxia-induced activation of the TGF-␤ and Wnt signaling pathways and their prevention with RGZ treatment. The observation that significant decreases in ␤-catenin-bound pSmad3 and Lef-1 allows for the increased transcriptional activities of Smad3 and Lef-1 is consistent with the activation of the TGF-␤ and Wnt signaling pathways, respectively. We propose that the increased PPAR␥ binding to ␤-catenin on exposure to hyperoxia is a protective response, and treatment with a PPAR␥ agonist greatly bolsters this response, preventing Smad3 and Lef-1 transcriptional activities, key components of TGF-␤ and Wnt signaling pathway activation.
Furthermore, prevention of hyperoxia-induced activation of Wnt signaling and the consequent increase in expression of ␣-SMA is also consistent with other reports that have shown that PPAR␥ agonists can have a potent ameliorating effect against fibrotic diseases in many other organs such as the heart (14), kidney (31) , and liver (48, 50) . PPAR␥-mediated suppression of Wnt/␤-catenin signaling during adipogenesis further lends credence to our findings (25) . Finally, it is noteworthy that RGZ treatment inhibited the hyperoxia-induced neutrophil alveolar influx, possibly by modulating neutrophil PPAR␥ expression, which is an important regulator of neutrophil function (46) .
In summary, treatment with RGZ during exposure of neonatal rats to hyperoxia continuously for 7 days not only prevented the hyperoxia-induced activation of TGF-␤ and Wnt signaling pathways in the whole lung, but also the associated lung morphological and immunocytochemical changes, suggesting a potential therapeutic usefulness of this class of drugs in ameliorating hyperoxia-induced neonatal lung injury that leads to BPD. Although further work needs to be performed to establish a safe and effective PPAR␥ agonist for clinical use in neonates, the work presented here clearly shows promise of this class of drugs in combating neonatal lung injury.
